De novo genes, which originate from ancestral nongenic sequences, are one of the most important sources of protein-coding genes. This origination process is crucial for the adaptation of organisms. However, how de novo genes arise and become fixed in a population or species remains largely unknown. Here, we identified 782 de novo genes from the model plant Arabidopsis thaliana and divided them into three types based on the availability of translational evidence, transcriptional evidence, and neither transcriptional nor translational evidence for their origin. Importantly, by integrating multiple types of omics data, including data from genomes, epigenomes, transcriptomes, and translatomes, we found that epigenetic modifications (DNA methylation and histone modification) play an important role in the origination process of de novo genes. Intriguingly, using the transcriptomes and methylomes from the same population of 84 accessions, we found that de novo genes that are transcribed in approximately half of the total accessions within the population are highly methylated, with lower levels of transcription than those transcribed at other frequencies within the population. We hypothesized that, during the origin of de novo gene alleles, those neutralized to low expression states via DNA methylation have relatively high probabilities of spreading and becoming fixed in a population. Our results highlight the process underlying the origin of de novo genes at the population level, as well as the importance of DNA methylation in this process.
Introduction
De novo genes originate from nongenic sequences. This mechanism is extremely important for the divergence and adaptation of organisms (Tautz and Domazet-Loso 2011; Long, VanKuren, et al. 2013; Tautz 2014; McLysaght and Guerzoni 2015) . Many studies have examined the origin of de novo genes in various species, such as humans (Knowles and McLysaght 2009; Wu, Irwin, et al. 2011; Guerzoni and McLysaght 2016) , fruit flies (Levine et al. 2006; Begun et al. 2007; Chen et al. 2007 Chen et al. , 2010 Zhou et al. 2008; Reinhardt et al. 2013) , primates (Toll-Riera et al. 2009; Xie et al. 2012) , yeast (Cai et al. 2008) , and plants (Campbell et al. 2007; Yang et al. 2009; Lin et al. 2010; Donoghue et al. 2011; Guo 2013; Hoen and Bureau 2015) . De novo genes share various characteristics, such as shorter lengths, lower expression levels, and more highly diversified sequences compared to other genes in the genome. Recent studies in yeast and fruit flies have been particularly insightful. In yeast, de novo gene origination is considered more prevalent than gene duplication (Carvunis et al. 2012) . In fruit flies, natural selection plays an important role in the spread of de novo genes (Zhao et al. 2014) , and there is a balance between gene gain and loss (Palmieri et al. 2014) .
Although several characteristics of de novo genes are well understood, the process by which they originate and become fixed in a population is still largely unknown (Light et al. 2014; Neme and Tautz 2014; Tautz 2014; Zhao et al. 2014; Schlotterer 2015) . The difficulties in elucidating this process can be roughly attributed to two major factors. First, most previous studies have used interspecific comparative genomics methods. However, evolutionary processes can be clarified at a much higher resolution at the population level (Lynch 2007) , including the origin of de novo genes (Schlotterer 2015) . Second, regardless of whether an "ORF sequence" or the acquisition of "transcriptional ability" is the first step in de novo gene origination, de novo genes must arise in a stepwise manner (Carvunis et al. 2012; Light et al. 2014) , and transcription and translation are two necessary stages in the evolution of a protein-coding gene (Knowles and McLysaght 2009; Xie et al. 2012; Reinhardt et al. 2013; Schlotterer 2015) . Therefore, de novo gene origination is an evolutionary process involving the transition from a nontranscribed and noncoding intergenic sequence to a transcribed and translated coding sequence (CDS) and from being present at low frequency to high frequency in a population before eventually becoming fixed. Accordingly, comparisons of gene features at various evolutionary stages with regard to allele frequencies may reflect and even clarify the process and mechanism by which de novo genes arise.
Here, we focused on the origin of de novo genes in the model plant Arabidopsis thaliana to address the following fundamental questions: 1) How do de novo gene alleles originate? 2) How are these genes maintained? 3) How do they spread and become fixed in a population or species? Based on multiple omics data from the same population, our results indicate that DNA methylation plays a crucial role during the origin of de novo genes in a population.
Results

Identification and Classification of De Novo Genes in A. thaliana
We detected de novo genes based on the similarity of protein sequences of the A. thaliana reference genome (ecotype Col-0) to those of 64 other available genomes from green plants (62 species in total, supplementary table S1, Supplementary Material online). Genes lacking homologues in any other species were regarded as candidate de novo genes. In total, 1,135 candidate de novo genes were found in A. thaliana (see the flowchart in supplementary fig. S1 , Supplementary Material online). After excluding candidates with homologues in other species in the NCBI nonredundancy protein database (266 genes), genes with gaps (27 genes) or missing gene models (60 genes) at the syntenic regions in the genomes of two closely related species (Arabidopsis lyrata and Capsella rubella), we identified 782 lineage-specific genes (2.9% of the 27,206 annotated protein-coding genes) (supplementary table S2, Supplementary Material online). In total, 87% (683 genes) of these genes have been identified as Arabidopsis-specific genes in previous studies (Lin et al. 2010; Donoghue et al. 2011; Arendsee et al. 2014 ) (supplementary fig. S2 , Supplementary Material online), suggesting that lineage-specific genes represent a stable gene set that remained after we added many additional genome sequences in the present study. In addition, none of the 782 genes contain conserved protein domains based on sequence similarity searches against the Pfam protein families database (Finn et al. 2016) , and none were derived from frameshifts of existing gene sequences or horizontal gene transfer based on similarity searches of public sequence data. Thus, the 782 genes identified in this study have likely originated de novo in the A. thaliana genome and can therefore be regarded as de novo genes. Indeed, comparisons between the CDSs of A. thaliana de novo genes and their syntenic sequences in its close relatives, A. lyrata and C. rubella, support their de novo origin (e.g., AT4G05071 in supplementary fig. S3 , Supplementary Material online).
The de novo genes could be divided into three groups based on their transcriptional and translational states in Col-0 (Data 1-19 in supplementary table S3, Supplementary Material online): 145 de novo genes with translational evidence (hereafter referred to as TL type); 239 with transcriptional evidence only (TC type); and 398 without transcriptional or translational evidence (TN type). Although we collected genome-wide expression data from several tissues (leaves, flowers, and roots) and under different conditions (normal, hypoxia, and dark), half of the identified de novo genes belong to the TN type. It is possible that some TN-type genes are artefacts resulting from gene model prediction; however, some might be expressed under other environmental conditions or in other tissues or developmental stages beyond those investigated in the reported studies. Thus, TNtype genes were included in subsequent analysis as well. In addition, 24,018 intergenic open reading frames (ORFs) longer than 90 nt were predicted from intergenic regions of the Col-0 genome without masking either repeats or transposable element (TE) sequences, which were used as randomly selected intergenic regions to compare with de novo genes and common genes (26,424 annotated protein-coding genes other than the identified de novo genes).
Epigenetic Modification Plays an Important Role in De Novo Gene Origin
To investigate important factors affecting de novo gene origin, we compared many gene features among de novo genes, common genes and intergenic ORFs. Consistent with previous studies in yeast (Carvunis et al. 2012; Abrusan 2013) and fruit flies (Palmieri et al. 2014) , our analyses based on the A. thaliana Col-0 reference genome indicated that de novo genes are generally shorter than common genes and have fewer introns, lower GC contents and codon adaptation indexes (CAI), fewer transcription factor binding sites (TFBS), lower transcription levels (see supplementary text, Supplementary Material online for details), higher b-sheet contents and higher polymorphisms, and are under weaker selective constraint compared to common genes (FDR< 0.05; fig. 1 ; statistics in supplementary tables S4 and S5, Supplementary Material online). Among these gene features, TFBS and selective constraint are important factors in de novo gene origination (Carvunis et al. 2012; Zhao et al. 2014 ).
Beyond these well-studied gene features, we further evaluated the methylation levels (Schmitz et al. 2013 ) and histone modification patterns (Luo et al. 2013 ) (Data 24 and 25 in supplementary table S3, Supplementary Material online) in Col-0, as well as the intact coding region frequency (C freq , the percentage of accessions with intact coding regions in the population for a gene) and transcription frequency (T freq , the percentage of accessions with transcriptional evidence in the population for a gene) across the 84 previously resequenced accessions (data in supplementary table S6, Supplementary Material online). Compared to common genes, de novo genes are highly methylated in all methylation contexts (CG, CHG, and CHH contexts; H indicates A, C or T) in their genic regions, in addition to having fewer active histone marks and lower C freq ( fig. 1) . Thus, epigenetic modification (DNA methylation and histone modification) may be another important factor affecting the origin of de novo genes.
Except for the gene features of CAI, the nucleotide diversity and the proportion of the sequence present in a-helices, comparisons of all other available gene features suggested that genes in the de novo gene set are in an intermediate state between intergenic ORFs and common genes (e.g., de novo genes are shorter than common genes but longer than intergenic ORFs, and the DNA methylation levels are higher in de novo genes than in common genes but lower than in intergenic ORFs; figs. 1 and 2, see "DE vs. CO" and "DE vs. IN", and supplementary fig. S4 , Supplementary Material online). These results indicate that de novo genes are at an evolutionary stage representing the transition from intergenic regions to mature genes and that the de novo genes identified in this study are likely "proto-genes", as proposed in yeast (Carvunis et al. 2012) .
Among the different types of de novo genes (TL, TC, and TN), five gene features were significantly different in at least one of the three-way comparisons, including gene length, CDS length, DNA methylation level (total level and levels in the CG and CHG contexts, respectively), active histone marks, and T freq , (FDR < 0.05; fig. 1 , see "TL vs. TC" and "TC vs. TN"). This result once again demonstrates the importance of DNA methylation and histone marks in the origination of de novo genes.
Among the three types of de novo genes, TL-type genes are more similar to common genes than the other types (see fig. 2 and supplementary table S4, Supplementary Material online for details). Interestingly, more TL-type genes have poly(A) tails (45%) than TC (6%) or TN (2%) genes based on data from three independent studies on the genomewide polyadenylation landscape in A. thaliana Col-0 (Wu, Liu, et al. 2011; Sherstnev et al. 2012; Subtelny et al. 2014 which is a more mature feature of a protein-coding gene (Wells et al. 1998) , TL-type genes could be divided into two groups: TL type with poly(A) tails (hereafter referred to as TL + ) and TL type without poly(A) tails (TL À ). We found that TL + genes are more similar to common genes than TL De Novo Genes are Highly Methylated and Stably Inherited across Generations Epigenetic modification among de novo genes has rarely been studied, except for one study in A. thaliana based on methylation data for the reference line Col-0 (Lin et al. 2010) , which demonstrated that lineage-specific genes are more highly methylated than evolutionarily conserved genes. Therefore, we were interested in investigating the importance of DNA methylation during the process of de novo gene origination.
We found that the DNA methylation levels of de novo genes share two major attributes. First, the total DNA methylation levels of de novo genes were significantly higher than those of common genes in either their genic (mean values, 0.11 vs. 0.03; Wilcoxon test, P < 1 Â 10 3A ). Second, in the genic regions of de novo genes, the total DNA methylation level of TL-type genes (0.06) was lower than that of TC-and TN-type genes (0.11 and 0.14, Wilcoxon test, all P < 0.05), which was true in different DNA methylation contexts ( fig. 3A) . Furthermore, in their upstream regions, the methylation levels of TN genes were the highest, followed by TC and TL types, especially in the CG context (TN, 0.31; TC, 0.27; TL, 0.21; Wilcoxon test, all P < 0.05) ( fig. 3A) . In the downstream regions, TC and TN genes are significantly more highly methylated than TL genes (Wilcoxon test, all P < 0.05). In summary, de novo genes and their flanking sequences are more highly methylated than common genes, and TL-type genes are less methylated than the other types of de novo genes in either their genic or flanking regions. Accordingly, since the DNA methylation patterns of de novo genes are correlated with their transcription levels (see supplementary text, Supplementary Material online for details), the transcription levels of de novo genes are lower than those of common genes; the transcription levels of the TC type are lower than those of the TL type, and no expression activity was detected in the TN type in this study.
We were also interested in determining whether the DNA methylation patterns of de novo genes can be stably inherited. To investigate the heredity of DNA methylation in de novo genes, we analyzed different methylation positions (DMPs) from 30-generation accumulation lines of Col-0 (Becker et al. 2011 ). Compared to those of common genes, much fewer sites of de novo genes changed their methylation states after 30 generations (0.6% vs. 1.8%; Fisher's exact test, P < 2.2 Â 10 À16 ). The proportions were even lower in TC-and TN-type genes (both 0.5%) compared to TL-type genes (0.8%; Fisher's exact test, all P < 0.01). These results suggest that the methylation states of de novo genes are under selective constraint, and their expression products may be deleterious to the organism, especially those of TCand TN-type genes.
In addition to DNA methylation, histone modification appears to be important to the evolution of de novo genes. More TL-type genes (44%) are associated with the active histone modifications H3K4me3, H3K36me3, and H3K9Ac in Col-0 than either TC-(15%) or TN-(4%) type genes (Fisher's exact test, all P < 1 Â 10 À8 ) (supplementary fig. S5 , Supplementary Material online), which is consistent with their transcription patterns, as TL-type genes are highly transcribed. Therefore, variations in epigenetic modification may play an important role in the transcriptional regulation (see supplementary text, Supplementary Material online for details) and evolutionary processes of de novo genes. The effect is stable in the genome and can be inherited, at least for DNA methylation.
Enriched TEs and siRNAs Resulting in High DNA Methylation Levels in De Novo Genes
TEs are usually considered to be a major recruiter of DNA methylation. Compared to common genes, the proportions of TEs in de novo genes were higher in either genic (mean values, 0.08 vs. 0.02) or flanking (0.19 vs. 0.10) regions (Wilcoxon test, all P < 1 Â 10 À5 ) ( fig. 3B ). Furthermore, TEs overlapping with de novo genes were more highly methylated than TEs located in common genes (mean values of methylation levels, 0.37 vs. 0.25; Wilcoxon test, P < 1 Â 10
À8
). Thus, the high proportions and high methylation states of the overlapping TEs likely increase the methylation levels of de novo genes. However, the proportions of TEs were similar in genic regions of all three types of de novo genes (TL, 0.07; TC, 0.08; TN, 0.08; Wilcoxon test for TE-overlapped genes, all P > 0.05). Thus, the proportion of TEs by itself could explain the higher methylation levels of de novo genes compared to common genes, but not the variations in methylation within de novo genes.
To understand the causes of DNA methylation variations among different types of de novo genes, we investigated the distribution patterns of 24-nt siRNAs, a key factor in RNA-directed DNA methylation (RdDM) (Data 27 in supplementary table S3, Supplementary Material online). Compared to common genes, more genic (mean values, 0.15 vs. 0.02) and flanking (0.10 vs. 0.04) regions of de novo genes are targeted by siRNAs ( fig. 3C ; Wilcoxon test, all P < 1 Â 10 À23 ), which probably accounts for their high DNA methylation levels. In contrast to the proportions of overlap with TEs, which are similar among TL, TC, and TN genes ( fig. 3B ), the proportion of siRNA-targeted regions in the genic regions was significantly higher in TN (0.18) and TC (0.14) genes than in TL (0.08) genes ( fig. 3C ; Wilcoxon test for siRNA-overlapped genes, all P < 0.001) ( fig. 3C ). This pattern held true when we used siRNA depth as a measure (mean depths in TN, TC, and TL are 0.95, 0.66, and 0.31, respectively; Wilcoxon test for siRNA-overlapped genes, all P < 0.05; supplementary fig. S6 , Supplementary Material online). In the genic regions, the DNA methylation levels of siRNA-targeted genes were significantly higher than those of genes not targeted by siRNA (mean values, 0.07 vs. 0.01 for common genes; 0.30 vs. 0.01 for de novo genes; see supplementary table S8, Supplementary Material online for details). The higher proportion of siRNA-targeted regions might be a direct cause of the increased methylation levels of de novo genes compared to common genes, as well as the DNA methylation variations among de novo genes.
In de novo genes,~8% of genic regions overlap with TEs; however~15% of genic regions overlap with siRNAs ( fig. 3B and C ). Apparently, half of the siRNA-targeted regions do not overlap with TEs, suggesting that at least half of these siRNAtargeted regions may not be targeted by siRNAs produced by TEs. Since the presence of an antisense transcript complementary to the sense transcript is another source of siRNAs (Zilberman et al. 2007; Luo et al. 2013 ), using published antisense transcript data (Luo et al. 2013) , we found that the proportion of genes with antisense transcripts was significantly higher in TC de novo genes than in common genes with only transcriptional evidence (16% vs. 6%; Fisher's exact test, P < 1 Â 10 À6 ), while the proportion was similar between TL de novo genes (21%) and common genes with translational evidence (21%). These results suggest that the high levels of antisense transcripts of TC de novo genes may be responsible for their higher siRNA levels.
Frequencies of De Novo Gene Alleles are Correlated to Their DNA Methylation Levels
De novo gene origination is a process in which a transcribed and translated DNA segment arises from an intergenic region. However, from the perspective of population genetics, the origin of a de novo gene is the fixation process of a de novo gene allele in a population. Here, we used the frequency of transcribed alleles (T freq ) as an indicator of whether a de novo gene is fixed in a population to investigate the factors affecting the fixation process of de novo genes. As demonstrated in figure 1 , the gene length, DNA methylation level, histone modification pattern, transcription level, and T freq differ significantly among de novo gene groups, which most likely correlates with the evolutionary process of de novo gene origin from intergenic sequences to common genes.
To clarify which gene feature is the principal factor that correlates with the spread of de novo gene alleles in a population, we characterized all gene features shown in figure 1 with regard to the T freq at the population level ( fig. 4 shows gene features with significant differences in fig. 1 and the number of TFBS; for the other gene features, see supplementary fig. S7 , Supplementary Material online). For both de novo and common genes, the loci with higher T freq values generally have greater gene lengths, more TFBS, and higher proportions of active histone markers but lower DNA methylation levels. Intriguingly, for both de novo and common genes, the transcription levels were negatively correlated with the T freq when this value was lower than 50% but positively correlated with T freq when this value was higher than 50% (supplementary table S9, Supplementary Material online). Thus, we performed correlation analysis for each gene feature with T freq bins of 50% and >50% separately (see Methods for details).
The gene features of gene length, transcription level and DNA methylation, which significantly differed among de novo genes in the reference line Col-0 ( fig. 1) , were significantly correlated with the T freq for both de novo genes and common genes ( fig. 5) . However, between de novo genes and common genes, the correlation pattern of DNA methylation differed. For common genes, the correlation patterns between DNA methylation and T freq were the same for all genes or genes with T freq 50% or >50%; when T freq increased, common genes were highly methylated in the CG context but had lower methylation levels in the CHG and CHH contexts. However, for de novo genes, both the total DNA methylation levels and methylation levels in the CG, CHG or CHH context were positively correlated with T freq when T freq 50%, but negatively correlated with T freq when T freq > 50% (the same pattern was observed for the proportion of TEs and siRNAs). Therefore, the de novo gene alleles at intermediate T freq are highly methylated in all methylation contexts, which may result in the low transcription levels of de novo genes at intermediate T freq . Given that the RNA sequences or peptides derived from de novo genes are likely deleterious for the organisms, one way for de novo genes at a low T freq to spread in the population is for their deleterious effects to be relieved by reducing their expression levels through increased DNA methylation. The increased DNA methylation levels could largely result from the increased proportions of overlapping TEs and siRNAs for de novo genes at intermediate T freq (fig. 5) . Most likely, a newly originated de novo allele transcribed at low T freq is deleterious. The repressed T level produced by increased DNA methylation could prevent the de novo allele from becoming extinct. This allele would ultimately be fixed in the population with an increased T level under positive selection if the allele was favorable.
Discussion
The origin of de novo genes is a fundamental biological question (Carvunis et al. 2012; Abrusan 2013; Arendsee et al. 2014; Light et al. 2014; Neme and Tautz 2014; Wu et al. 2014; Cui et al. 2015) . The genome contains many small ORFs with expression evidence in intergenic regions, some of which have important phenotypic effects (Hanada et al. 2007 (Hanada et al. , 2013 . Most previous studies based on comparative genomics at the interspecific level indicate that, after de novo genes arose, they gradually became longer, more highly expressed and more conserved in their CDSs. In this study, to understand the process of de novo gene origination, we performed intraspecific analysis. We divided the 782 de novo genes into different groups based on whether they are transcribed, translated, translated with detected poly(A) tails or none of these. The results suggest that TL + genes are more similar to mature genes, followed by TL À genes, TC genes, and TN genes.
We used the distribution of transcribed alleles among the 84 resequenced accessions (supplementary fig. S8 , Supplementary Material online shows the distribution of the 84 A. thaliana accessions, and see Methods for details) to investigate the geographic spreading of de novo genes, finding that the proportion of widely transcribed de novo genes (transcribed both in Western Europe and Central Asia accessions) is lowest for TN, followed by TC, TL selection and high gene flow between geographically isolated populations. In fact, A. thaliana is a globally distributed species, and accessions from Western Europe and Central Asia have been isolated for a long period of time without substantial gene flow (Cao et al. 2011) . Under the general hypothesis that genes transcribed in both Western Europe and Central Asia accessions could be regarded as "older" than genes transcribed only in accessions from either Western Europe or Central Asia, the proportion of "older" genes could serve as a proxy for the age of each type of gene in total. Thus, our analysis of geographic spreading suggests that TL + genes are much "older" than other de novo genes and that TN-type genes are the "youngest".
Based on the gene features of de novo genes and their predicted ages, it appears that, in general, de novo genes originated from sequences (with or without an ORF) lacking transcriptional ability (e.g., intergenic ORFs and TN type in this study), which first acquired this ability (with or without an ORF; e.g., TC type), followed by translational ability (e.g., TL
À genes) and were ultimately modified to become mature protein-coding genes (e.g., TL
+ genes) (supplementary fig.  S10 , Supplementary Material online). However, acquiring an ORF sequence is not necessarily the first step in de novo gene birth, and de novo genes originating from different types of genes (TN type representing ORF sequences, TC type representing noncoding RNAs) could vary in terms of half-life times. Thus, we cannot rule out the possibility that de novo genes emerging with one or more mature gene features may have a longer lifetime in the genome than the others (e.g., genes with poly(A) tails may persist for a longer time than genes without poly(A) tails) and are therefore likely detected as "older" genes than those originating without mature gene features.
While much is known about the gene features of de novo genes, much less is known about the evolutionary forces behind de novo gene birth. One must address this question at the population level using a population genetics approach (Schlotterer 2015) . However, only a few studies about de novo genes have been performed at the population level, which utilized a small sample size (Palmieri et al. 2014; Zhao et al. 2014) . The availability of multiple omics data sets from the same population of A. thaliana, with a large sample size and numerous additional omics data sets as well, provided us with the great opportunity to investigate this question for the first time at the multiple omics data set level.
Based on the results of our intraspecific analysis, we propose that enhanced DNA methylation induced by TEs, siRNAs, and antisense transcripts could improve the probability of survival of de novo alleles, as well as their spread in the population, by repressing the transcriptional activities of de novo gene alleles. This "neutralisation" effect could help maintain the coding potential and expression activity of de novo genes (supplementary fig. S11, Supplementary Material online) . Given that the epimutation rate is at least four orders of magnitude higher than the DNA mutation rate (Ossowski et al. 2010; Becker et al. 2011; Schmitz et al. 2011) , and that DNA methylation can recover in even a single generation (e.g., methylation reprograming in generative cells) (Slotkin et al. 2009; Calarco et al. 2012) , it is possible that de novo gene alleles that are initially deleterious but favorable in a new environment could recover their transcriptional activities via demethylation.
The regulatory effects of DNA methylation are conserved among species to some extent (Takuno and Gaut 2013; Seymour et al. 2014) . Therefore, it would be interesting to explore whether the same correlation between the allele frequencies of de novo genes and their DNA methylation levels exists in other species during the process of de novo gene birth. The "neutralisation by DNA methylation" model could help us understand the evolutionary forces through which a large number of transcription units, such as small ORFs, are maintained in the genome, and it emphasizes the importance of epimutations in evolution.
Materials and Methods
Data Sources
The published genome-wide protein-coding gene sequences of 65 green plants, including A. thaliana (TAIR10 annotation), were downloaded and used to identify A. thaliana de novo genes (supplementary table S1, Supplementary Material online). Information regarding the published data, including 13 transcriptomes, six translatomes (genome-wide ribosome footprinting data), three polyadenylation data sets, one DNase hypersensitive sites (DHs) data set, one histone modification data set, one small interfering RNA sequences (siRNAs) data set, and one antisense transcript data set for A. thaliana reference accession Col-0, is listed in supplementary table S3, Supplementary Material online. The TFBS data for A. thaliana genes were downloaded from the Arabidopsis Gene Regulatory Information Server (Yilmaz et al. 2011) . Genome sequences, DNA methylation data (leaf tissue), and transcriptome information (leaf tissue) for 84 A. thaliana accessions as well as DNA methylation data from flower tissues of seven of these accessions were downloaded from the Arabidopsis 1001 Genome Database (http://1001genomes.org/data/ Salk/, last accessed July 14, 2016) and the NCBI GEO database (GSE43857 and GSE43858) (Schmitz et al. 2013 ) (supplementary table S6, Supplementary Material online). The methylation data set for Arabidopsis accumulation lines was downloaded from the NCBI GEO database (GSE36844, GSE36845, and GSE47490) and analyzed as previously described (Becker et al. 2011 ).
De Novo Gene Identification
For genes with alternative transcript isoforms, only the longest CDS of each gene was included in the analyses. In total, 27,206 A. thaliana genes, which are referred to as unigenes, were used in this study. An "all to all" blastp search (Altschul et al. 1997 ) was performed for protein sequences from the 65 genomes using an E value threshold of 1 Â 10
À5
. All protein sequences were clustered into separate groups using the Markov Cluster Algorithm (Enright et al. 2002) (mcl-12-135 , I = 2, S = 6) based on the blastp E values. Thus, genes in groups that only contained A. thaliana genes were extracted as candidate de novo genes for the A. thaliana reference accession Col-0. Using the protein sequences of these genes as queries, PSI-blast (E < 1 Â 10 À5 ) searches were performed against the NCBI nonredundancy protein database (NCBI nr database excluding sequences from A. thaliana and nonplant species, as of February 2016) to exclude the candidates with homologues in plants without complete genome sequences. In addition, these genes were searched against the PlantGDB-assembled unique transcripts database (PUTs database excluding sequences from A. thaliana, as of November 2013) using tblastn (E < 1 Â 10
) to exclude candidates derived from frameshift mutations of existing genes. To eliminate possible horizontal gene transfer from nonplant species, all candidates were searched against the NCBI nonredundancy protein database (NCBI nr database excluding green plants, as of February 2016) using PSI-blast (E < 1 Â 10
) and the criterion that the length of the hit must be at least half that of the query sequence.
Gene synteny relationships among A. thaliana, A. lyrata, and C. rubella were estimated using MCScanX software (Wang et al. 2012) based on E values in the above "all against all" blastp analysis and gene model annotation information extracted from the same source used to download their protein-coding gene sequences (supplementary table S1, Supplementary Material online). To reduce the effects of gaps and missing gene annotations in genomes of closely related species on the identification of de novo genes in A. thaliana, de novo gene candidates with sequencing gaps in synteny regions between A. thaliana and A. lyrata and lacking similar sequences (E value < 1 Â 10 À10 ) in other regions of the A. lyrata genome were excluded. Furthermore, EXONERATE 2.2.0 (Slater and Birney 2005) (the alignment option is "protein2genome:bestfit") was used to find missing gene models in A. lyrata and C. rubella sequences that were syntenic to or most similar to A. thaliana de novo gene candidates. The intactness of the coding region for each missing gene sequence was evaluated using an inhouse Perl script. Sequences with complete start and stop codons, no premature stop codons and limited numbers of frame-shifted codons compared to the A. thaliana gene model were defined as complete CDSs. If the total length of the refined CDS of A. lyrata and/or C. rubella was longer than 90% that of the A. thaliana candidate, and the codon-shift length was less than 10% that of the candidate, the sequence was considered to be a missing gene that may be homologous to the corresponding A. thaliana candidate and was thus excluded from the candidate list.
Intergenic ORFs and Common Genes
Genomic regions except for protein-coding genes, noncoding RNA (including tRNA, rRNA, miRNA, snRNA, snoRNA, and other RNA), pseudogenes and TE genes annotated in TAIR10 GFF file were considered to be intergenic regions. The longest single-exon ORF with a complete start and stop codon in each intergenic region in either the sense or antisense strand was predicted (if there was overlap between the sense and antisense ORF in the same genomic region, only the longest was kept), and ORFs longer than 90 nt were considered to be intergenic ORFs for comparisons with de novo genes and common genes. Unigenes, except for de novo genes, were considered to be common genes in this study.
Classification of de novo Genes and Calculation of Gene Features
Transcriptome and translatome data (Data 1-19 produced from A. thaliana Col-0) were used as transcriptional or translational evidence for de novo genes, which were mapped to the TAIR10 reference genome in previous studies (supplementary table S3, Supplementary Material online). When the fragments/reads per kilobase per million mapped fragments/reads (FPKM/RPKM) value for a gene was equal to or greater than 1 in at least one of the expression data sets, or greater than 0 in at least two of the data sets, it was classified as expressed. Thus, de novo genes of A. thaliana Col-0 were divided into three types based on their expression states: genes with translational evidence (TL type, FPKM/RPKM ! 1 in at least one translatome data set or FPKM/RPKM > 0 in at least two translatome data sets), genes with transcriptional activities only (TC type, FPKM/RPKM ! 1 in at least one transcriptome data set or FPKM/RPKM > 0 in at least two transcriptome data sets) and genes without expression evidence (TN type, the other de novo genes excluding TL and TC types).
The CAI was calculated for A. thaliana unigenes and intergenic ORFs using CodonW 1.4.2 (http://codonw.sourceforge. net/, last accessed July 14, 2016). Protein secondary structures (a-helices, b-sheets, and random coils) were predicted using PSSpred V2 (Y. Zhang, http://zhanglab.ccmb.med.umich.edu/ PSSpred/, last accessed July 14, 2016). GC contents were measured in CDS regions. The single nucleotide polymorphism matrix and information regarding unmapped regions of the 84 accessions (Schmitz et al. 2013) were used for polymorphism analysis, in which missing data were controlled in the calculation according to a previous method (Long, Rabanal, et al. 2013) . Nucleotide diversities (p) were measured in genic regions. Polymorphism in nonsynonymous (or synonymous) sites of each gene, p n (p s ), was computed as the mean of all pairwise substitution rates in nonsynonymous (or synonymous) sites, K a (K s ), among transcribed alleles from the 84 accessions. The substitution rates were estimated using the "yn00" program in PAML v4.7 with default parameters (Yang 2007) . Coding intactness analysis for each gene among accessions was performed following the method used to detect missing gene models described in previous sections. As intraspecific analysis was performed in the study, a strict standard was used (genes with no changes in the states of start and stop codons and less than 10% codonshift length compared to Col-0 gene models were treated as intact).
DNA Methylation, TEs and siRNAs
The DNA methylation level was calculated using the ratio of the total number of sequenced methylated sites to the total number of sequenced cytosine sites for a given length of sequence. DNA methylation levels at symmetric (CG and CHG, where H indicates A, C or T) and asymmetric (CHH) sites as well as total covered cytosine sites were computed. The proportion of overlapping TEs or siRNAs represents the percentage of genic or flanking region that overlapped with TEs or that was targeted by siRNAs. Information about the TEs in the A. thaliana reference genome was extracted from the TAIR database (http://www.arabidopsis.org/, last accessed July 14, 2016). The 24-nt siRNA sequences were mapped to the A. thaliana reference genome (TAIR10) using blastn without mismatches or gaps. The siRNA sequences that mapped to multiple locations were considered to overlap with all of these locations. The siRNA depth was computed for each genic and flanking region for different types of genes according to a previous method, in which siRNAs with multiple targeted locations were weighted by the number of mapping locations (Hollister et al. 2011) . Permutations of DNA methylation levels and the proportion of TEs and siRNAs were performed 100 times for common genes and intergenic ORFs, respectively. Each time, 782 common genes or intergenic ORFs were randomly extracted from all common genes or intergenic ORFs without replication.
Transcription Frequency and Prediction of Origination Times of De Novo Genes
The transcriptomes of the 84 A. thaliana accessions were used to classify the de novo genes and common genes into nine frequency groups based on their transcription frequencies (T freq ): 0% (111 de novo genes and 159 common genes), 5% (318, 663), 10% (88, 633), 25% (103, 1,789), 50% (62, 1,588), 75% (21, 1,186), 90% (29, 982), 95% (8, 684), and 100% (42, 18,740) , representing genes transcribed in 0, 1-4, 5-8, 9-21, 22-42, 43-63, 64-76, 77-80 or 81-84 accessions, respectively. The transcription levels (Data 2 in supplementary table S3, Supplementary Material online) of de novo genes between nearby groups were compared, exhibiting an order of 5%> 10% > 25% & 50% < 75% & 90% & 95% < 100% (">" indicates that the transcription level of genes in the group on the left side is higher than that on the right side, "<" indicates that of the left side is lower than that of the right side and "&" indicates that the difference between nearby groups is not significant; Wilcoxon test, P < 0.05), whereas that of common genes was 5% > 10% > 25% > 50% < 75% < 90% < 95% < 100% (P < 1 Â 10
À4
). Thus, a transcription frequency of 50% was considered to be the dividing point.
To estimate the geographic spread of the de novo genes, 65 accessions (excluding accessions located in the United Kingdom, North America, and Japan in the 84 previously resequenced genomes) distributed in Eurasia were divided into three groups: 48 accessions located west of 15 E (group 1), 12 accessions located between 15 E and 60 E (group 2), and five accessions located east of 60 E (group 3) (supplementary fig. S8 and supplementary table S6, Supplementary Material online). The numbers of de novo genes with transcriptional evidence in accessions from both groups 1 and 3 for each type of de novo gene were counted. The same strategy was used to analyse common genes.
Statistical Analysis
Statistical analyses were performed using R (http://www.rproject.org/, last accessed July 14, 2016). P values were transformed into false discovery rate (FDR) values when comparison times in multiple tests were larger than ten, and the other P values were corrected using Bonferroni correction.
Supplementary Material
Supplementary figures S1-S11 and tables S1-S10 are available at Genome Biology and Evolution online (http://www. gbe.oxfordjournals.org/).
